Introduction
Satellite cells are stem cells within skeletal muscle, and they reside between the plasma membrane and basal lamina in a quiescent state characterized by low-metabolic activity and reversible mitotic arrest. These cells are primarily responsible for growth, maintenance, and repair of injured myofibers in adults (1, 2) . In response to muscle injury, satellite cells are rapidly activated to reenter the cell cycle, undergo several rounds of proliferation, and then differentiate into myoblasts, which eventually fuse with each other or preexisting myofibers to complete the repair process (3, 4) . While most of the activated satellite cells differentiate into myogenic lineage, a small portion of them self-renews and returns to quiescence to respond to the next round of muscle injury and repair (3, 4) .
Transcription factor paired box-protein-7 (PAX7) is a critical regulator for satellite cell biogenesis, survival, specification, and self-renewal (5, 6) . Quiescent satellite cells express high levels of PAX7, whereas other myogenic regulatory factors (MRFs) such as MYF5 and MyoD proteins are undetectable. In proliferating satellite cells, PAX7 persists at lower levels, whereas the levels of PAX7 are completely repressed in myogenic lineage cells that commit to terminal differentiation (3, 7, 8) . The critical role of PAX7 in maintaining satellite cell quiescence or self-renewal is also evident by the findings that forced expression of PAX7 inhibits myogenesis and cell cycle progression in satellite cells, resulting in the maintenance of their inactivated state (9) . Genetic deletion of PAX7 in satellite cells of adult mice led to failure of myofiber regeneration due to precocious differentiation (10) . However, the molecular and signaling mechanisms that regulate the levels of PAX7 and satellite cell self-renewal and differentiation remain poorly understood.
TRAF6 is a crucial adaptor protein that mediates signaling events from TNF receptor superfamily, interleukin-1 receptor (IL-1R) family, and TLR family (11) . TRAF6 is also a nonconventional RING finger E3 ligase, which catalyzes formation of K63-linked ubiquitin chains (12, 13) and activates multiple signaling pathways (11) (12) (13) (14) . TRAF6 plays critical roles in innate immune response and regulates the function of antigen-presenting cells (14, 15) . TRAF6-deficient mice die between 2-3 weeks due to severe osteopetrosis (16, 17) . Furthermore, TRAF6 plays a crucial role in lymph node organogenesis, formation of skin appendices, and development of nervous system (14) .
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tion in its protein levels in injured muscle, suggesting that other cell types are also responsible for the elevated levels of TRAF6 in injured muscle microenvironment (20) . Recently, it has been reported that TRAF6 is required for the differentiation of cultured myoblasts (22, 23) . However, the role of TRAF6 in homeostasis and function of satellite stem cells has not been yet investigated.
enne muscular dystrophy) mice (21) . Skeletal muscle-specific deletion of Traf6 improves regeneration of injured myofibers potentially through limiting the inflammatory milieu and augmenting Notch signaling, which increases the proliferation of satellite cells in a non-cell-autonomous manner (20, 21) . Interestingly, we found that myofiber-specific deletion of Traf6 causes only partial reduc- Figure 1 . Expression of TRAF6 in satellite cells. Primary mononucleated cells were isolated from hind limb muscle of WT mice and subjected for FACS analysis for the expression of α7-integrin and TRAF6, either immediately after isolation (quiescent) or after purification and culturing (activated). (A) Representative dot plots from 4 independent experiments displaying enrichment of TRAF6 + cells among α7-intigrin + population in both freshly isolated and cultured myoblasts. (B) Primary myogenic cells were immunostained for TRAF6 and PAX7 proteins. The nuclei were labeled using DAPI. Representative photomicrographs from 3 replicates show colocalization of TRAF6 and PAX7 in mouse primary myoblasts. Original magnification, ×20. (C) Freshly sorted satellite cells were either frozen at isolation (QC, quiescent cells) or seeded and cultured in DM for various time points. Immunoblots demonstrate the levels of TRAF6, PAX7, MyoD, MyHC, and unrelated protein GAPDH in QC and in cultured primary myoblasts at different time points after addition of DM.
these results suggest that TRAF6 is expressed in both quiescent and activated satellite cells, and its levels are reduced during progression through the myogenic lineage.
TRAF6 scko mice showed poor signs of regeneration, evident by the reduction in myofiber cross-sectional area (CSA) and number of CNF ( Figure 2 , A-D) and robust persistence of cellular infiltrate ( Figure 2A ). Manifestations of defective muscle repair in TRAF6 scko mice were still evident at day 21 after muscle injury, where regenerated muscle of control Traf6 fl/fl displayed complete subsidence of inflammatory cells and reconstitution of normal muscle (Figure 2A ). Signs of impaired muscle regeneration in TRAF6 scko mice were even more pronounced when TA muscle was subjected to a second round of injury using BaCl 2 injection ( Figure 2E ). Regenerating areas of TRAF6 scko muscle were notably void of newly formed muscle fibers and displayed massive deposition of fibrotic and adipogenic tissue at day 5 after second injury ( Figure 2F ).
Ablation of TRAF6 in satellite cells impairs the regeneration program in injured myofibers. Hierarchical expression of MRFs MYF5, MyoD, and myogenin, as well as embryonic/developmental isoform of MyHC (eMyHC), is required for completing the myogenic program (7, 26) . Our immunohistochemical analysis revealed that regenerating muscle from TRAF6 scko mice contained drastically reduced number and smaller size eMyHC + fibers compared with corresponding Traf6 fl/fl at day 3 and day 5 after injury ( Figure 3 , A-C). To understand whether deletion of TRAF6 in satellite cells delays or disrupts regeneration of skeletal muscle after injury, we performed Western blot to detect the levels of eMyHC at different time points after injury. There was a considerable increase in the levels of eMyHC protein in Traf6 fl/fl mice, which peaked at day 5 and 7. Interestingly, there was no such increase in TRAF6 scko muscle even after 15 days of muscle injury, suggesting defects in regenerative myogenesis in TRAF6 scko mice ( Figure 3D ). Moreover, the mRNA levels of eMyHC (i.e., Myh3), Myf5, Myod, and myogenin were found to be significantly reduced in injured TA muscle of TRAF6 scko mice compared with Traf6 fl/fl ( Figure 3 , E and F). Intriguingly, mRNA levels of Myf5 were also found to be significantly reduced in contralateral uninjured TA muscle of TRAF6 scko mice compared with Traf6 fl/fl ( Figure 3F ), leading to the theory that TRAF6 has a pivotal role in regulating the early stages of myogenesis in satellite stem cells.
In this study, using an inducible conditional knockout approach, we demonstrate that TRAF6 is critical for the expression of PAX7, maintenance of the satellite stem cell pool, and regeneration of injured skeletal muscle upon injury. Our results demonstrate that TRAF6 signaling is required for the activation of ERK1/2 and JNK1/2 MAPKs, which causes the phosphorylation of transcription factor c-JUN/AP1 (activator protein 1) that in turn binds to the Pax7 promoter to augment the gene expression of PAX7. TRAF6-mediated signaling also prevents c-JUN from undergoing proteolytic degradation in satellite cells. The critical role of TRAF6 in regenerative myogenesis is also supported by our findings that targeted deletion of TRAF6 in satellite cells of mdx mice exacerbates dystrophic phenotype due to impairment in myofiber regeneration. Furthermore, our results show that TRAF6-deficient satellite cells have poor engraftment potential when transplanted into dystrophic muscle of mdx mice.
Results

TRAF6 is expressed in satellite cells of adult mice.
We first studied whether satellite cells express TRAF6. Due to the lack of a suitable antibody that can distinctly detect TRAF6 in satellite cells on muscle sections, we decided to use FACS approach. To understand whether TRAF6 is expressed in quiescent satellite cells, cell suspensions isolated from mouse hind limb skeletal muscle were directly FACS sorted for α7-integrin (a marker for satellite cells) and TRAF6 after eliminating possible infiltrating cells (CD45 ). This analysis showed that α7-integrin + cells were predominantly TRAF6 + ( Figure 1A , upper panel). We next prepared primary myogenic cultures (after eliminating fibroblasts through serial preplating) and studied the expression of TRAF6. Results showed that TRAF6 was also coexpressed with α7-integrin in cultured primary myoblasts ( Figure 1A , lower panel). PAX7 transcription factor is expressed in both activated and quiescent satellite cells (5, 6) . Immunocytochemical analysis showed that TRAF6 was predominantly expressed in the cytoplasm and PAX7 was localized in the nucleus. Moreover, all PAX7 + cells were also TRAF6 + , further confirming that TRAF6 is expressed in satellite cells ( Figure 1B) .
We next isolated α7-integrin + and CD45 -, CD31 -, Sca-1 -, and Ter119 -cells from 8-week-old WT mice by FACS sorting technique. The cells were immediately frozen in liquid nitrogen, and the cell lysates made were probed for TRAF6, MyoD, and PAX7 levels. This analysis showed that TRAF6 and PAX7 are highly expressed in both quiescent and activated (cultured) satellite cells ( Figure 1C ). MyoD was detectable only in cultured myogenic cells -not in quiescent satellite cells -which is consistent with published reports that MyoD is expressed only in activated satellite cells (1, 24) . We also examined the levels of TRAF6, PAX7, MyoD, and myosin heavy chain (MyHC, a marker of muscle differentiation) in primary myoblast cultures at different time points after incubation in differentiation medium (DM). Consistent with previous findings (9, 18, 25) , the levels of TRAF6 and PAX7 were gradually decreased, whereas MyoD and MyHC levels were increased upon incubation of cells in DM. Collectively, jci.org Volume 126 Number 1 January 2016 matic increase in the number of PAX7 + cells, such increase was not noticeable in corresponding injured muscle of TRAF6 scko mice (Figure 4, A and B) . Remarkably, the number of PAX7 + cells was also significantly reduced in contralateral uninjured muscle of TRAF6 been reported that HES1, HEY1, and HEYL are involved in maintaining the quiescent status of satellite cells (28) . Interestingly, we found that the transcript levels of HeyL and Hes1 were diminished in uninjured muscle of TRAF6 scko compared with uninjured muscle of Traf6 fl/fl mice (Supplemental Figure 4) . These results further suggest that TRAF6 is essential for the maintenance of satellite stem cell pool and function in vivo.
TRAF6 is required for self-renewal of satellite cells. To understand the role of TRAF6 in self-renewal of satellite cells, we established single myofiber cultures from extensor digitorum longus (EDL) muscle of Traf6 fl/fl and TRAF6 scko mice, and the myofiber-associated satellite cells were analyzed at 0 hours or 72 hours of culturing. Consistent with our in vivo results, a significant reduction in the number of quiescent PAX7 + satellite cells was clearly evident in freshly isolated fibers of TRAF6 scko mice ( Figure 5 , A and B).
matic increase in TRAF6 protein levels compared with uninjured muscle. Intriguingly, a much less severe upregulation of TRAF6 protein was noticeable in the injured TA muscle of TRAF6 scko mice ( Figure 4D ), suggesting that satellite cells are an important source of TRAF6 protein in injured skeletal muscle of mice.
To further clarify the role of TRAF6 in satellite cell homeostasis, we performed FACS analysis of satellite cell content. Consistent with above results, TA muscle of TRAF6 scko demonstrated a modest upregulation in α7-integrin + cells following injury compared with that of corresponding Traf6 fl/fl mice (Supplemental Figure 3) . We also measured the transcript levels of a few target genes of Notch pathway, a known regulator of satellite cell dynamics in both quiescent and activated states (27) (28) (29) . Notably, mRNA levels of Hey1, HeyL, Hes1, and Hes6 were significantly reduced in injured muscle of TRAF6 scko mice (Supplemental Figure 4) . It has TRAF6 was initially identified as an adaptor protein. However, recent studies have shown that it also functions as an E3 ubiquitin ligase, catalyzing K63-linked autoubiquitination as well as ubiquitination of target proteins, which stimulates protein-protein interaction (12, 13, 30, 31) . Mutation of cysteine residue to alanine (C70A) in the TRAF6 zinc finger domain renders it unable to interact and bind with the UBC13-UEV complex (12) . The TRAF6C70A mutant has previously been used to study the role of TRAF6 E3 ubiquitin ligase activity in various cellular responses (13, 19, 30) . To understand the role of E3 ubiquitin ligase activity of TRAF6, we investigated the effects of over- -/-myogenic cells were transfected with vector alone (pcDNA3), TRAF6-WT, or TRAF6C70A plasmids. After 72 hours of transfection, cellular proliferation was evaluated by pulse labeling the cells with 5-Ethynyl-2′-deoxyuridine (EdU). The cultures were also stained with anti-Pax7 ( Figure  5F ). Interestingly, overexpression of TRAF6-WT protein significantly increased the number of PAX7 + cells or PAX7 + /EdU + cells, whereas overexpression of TRAF6C70A significantly reduced them compared with those transfected with vector alone in expression of WT TRAF6 (i.e., TRAF6-WT) and TRAF6C70A mutant on proliferation and self-renewal of satellite cells. Our attempts to directly isolate primary myoblasts from skeletal muscle of tamoxifen-treated TRAF6 scko mice were unsuccessful due to reduced number of myofiber-associated satellite cells in these mice and failure of the cells to grow in culture upon seeding. To circumvent this problem, we isolated satellite cells from hind limb muscle of nontamoxifen-treated TRAF6 scko mice and expanded them in culture, followed by treatment with vehicle alone (i.e., Traf6 +/+ cells) or 4-hydroxytamoxifen to induce Figure 5C ). Collectively, these results suggest that TRAF6 E3 ubiquitin ligase activity is essential for self-renewal, as well as proliferation and prevention of precocious differentiation of satellite cells.
TRAF6 is required for the expression of PAX7 and the activation of MAPK signaling pathway in satellite cells. We next sought to determine whether TRAF6 is required for the expression of PAX7 in satellite cells. Our Western blot analysis confirmed that treatment in promoting progression through the myogenic lineage (32, 33) . Remarkably, we found that phosphorylated and total protein levels of c-JUN, a direct phosphorylation target of ERK1/2 and JNK, were also significantly diminished as a result of deletion of Traf6 ( Figure 6 , E and F). Furthermore, our Western blot analysis showed that in vivo ablation of Traf6 in satellite cells (i.e., tamoxifen-treated TRAF6 scko vs. Traf6 fl/fl mice) also reduced the levels of phosphorylated c-JUN protein in 5d-injured skeletal muscle of mice ( Figure 6G ). TRAF6 E3 ubiquitin ligase is essential for the AKT membrane localization and phosphorylation in response to growth stimuli (13, 34) . However, we found that there was no significant difference in phosphorylation or total levels of AKT or its downstream phosphorylation targets, such as GSK-3β, mTOR, and p70S6K (Supplemental Figure 7, A and B) or Akt kinase activity (Supplemental Figure 7 , C and D) between Traf6 +/+ and Traf6 -/-cells. Since TRAF6 mediates the activation of NF-κB in response to several cytokines and microbial products (11) (12) (13) (14) , we next investigated whether TRAF6 is required for the activation of NF-κB in satellite cells. The DNA-binding activity of NF-κB was comparable between Traf6 +/+ and Traf6 -/-cells (Supplemental Figure 8A) . Furthermore, there was no significant difference in the levels of of TRAF6 scko myoblast cultures with 4-hydroxytamoxifen (i.e.,
Traf6
-/-cells) drastically reduces the protein levels of TRAF6 (Figure 6, A and B) . Consistent with our in vivo results, a drastic reduction in both protein and mRNA levels of Pax7 was noticeable in Traf6 -/-cultures compared with Traf6 +/+ cultures ( Figure 6 , A-C). Moreover, shRNA-mediated knockdown of TRAF6 significantly reduced the mRNA levels of Pax7 in primary myogenic cultures from WT mice ( Figure 6D ). Given that PAX7 is a transcription factor, we also investigated whether PAX7 regulates the levels of TRAF6 in myogenic cells. However, no significant difference was noticeable in the levels of TRAF6 upon shRNA-mediated knockdown or overexpression of PAX7 in cultured myogenic cells from WT mice (Supplemental Figure 6) .
Since TRAF6 is an important upstream regulator of MAPK, AKT, and NF-κB signaling pathways, we next sought to investigate whether TRAF6 has a role in the activation of these signaling pathways in satellite cells. Results showed that the phosphorylation levels of ERK1/2 and JNK1/2 were considerably reduced, while no such effect was observed on the phosphorylation of ERK5 in Traf6 -/-cells compared with Traf6 +/+ cells ( Figure 6 , E and F). Intriguingly, ablation of TRAF6 increased the levels of phosphorylated p38 MAPK ( Figure 6 , E and F), aligning with a role of p38 we confirmed that ERK1/2 and JNK1/2 are phosphorylated in both quiescent and cultured activated satellite cells (Supplemental Figure 9A ). Using single myofiber cultures, we examined the effects of inhibition of ERK1/2 or JNK1/2 on self-renewal of satellite cells. Results showed that treatment with PD184352 or SP600125 for 72 hours drastically reduced the number of cells per cluster and number of PAX7 + /MyoD -cells on myofibers (Supplemental Figure 9, B-D ). These results demonstrate that both ERK1/2 and JNK1/2 pathways are involved in the self-renewal and proliferation of satellite cells.
To understand the explicit role of c-JUN in regulation of PAX7 expression, we performed loss-of-function and gain-offunction experiments. In agreement with the preceding findings, shRNA-mediated knockdown of c-JUN sharply reduced the mRNA levels of Pax7 in primary myoblast cultures from WT mice ( Figure 7D ). By contrast, overexpression of c-JUN significantly increased the mRNA levels of Pax7 in myoblast cultures ( Figure 7E ). Moreover, overexpression of c-JUN restored Pax7 levels in Traf6 -/-cultures ( Figure 7F ). Since c-JUN possesses a transactivation domain, we contemplated that c-JUN regulates PAX7 expression through direct binding to Pax7 promoter. Our in silico analysis of an approximately 3.5-kb region upstream of the transcription start site in Pax7 promoter revealed multiple potential consensus sequences for the c-JUN/AP1 transcription factor. To understand whether c-JUN enriches the Pax7 promoter, we performed ChIP assay. Intriguingly, we found high enrichment of c-JUN in Pax7 promoter at 4 consensus sites in myogenic cultures from WT mice ( Figure 7G ). We next studied the potential involvement of these sites in TRAF6-mediated regulation of Pax7. Quantitative PCR (qPCR) revealed that the phosphorylated IκBα or total IκBα, IKKβ, or IKKγ (also known as NEMO) between Traf6 +/+ and Traf6 -/-myogenic cultures (Supplemental Figure 8 , B and C). We also measured in vitro kinase activity of IKKβ and found no difference between Traf6 +/+ and Traf6 -/-cultures (Supplemental Figure 8D) . In another experiment, we measured NF-B reporter gene activity by transfecting the cells with pNF-κB-Luc plasmid. Interestingly, we found a small but significant increase in the reporter gene activity in Traf6 -/-cultures compared with Traf6 +/+ cultures (Supplemental Figure 8E ). Moreover, a significant increase in NF-κB activity was also noticeable in WT myogenic cultures in which TRAF6 was knocked down using shRNA technique (Supplemental Figure 8F) . Taken together, these results suggest that TRAF6 specifically regulates MAPKs and has no major effect on the activation of AKT or NF-κB signaling in satellite cells in naive conditions.
ERK1/2 and JNK1/2 regulate the expression of PAX7 through c-JUN transcription factor.
To understand the direct role of MAPK signaling pathways in PAX7 expression, primary myoblasts prepared from WT mice were treated with specific MAPK inhibitors: PD184352, which inhibits ERK1/2; SP600125, which inhibits JNK1/2; and SB203580, which inhibits the p38MAPK pathway. Interestingly, cells treated with ERK1/2 or JNK1/2 inhibitors showed significantly reduced mRNA and protein levels of PAX7, while those treated with p38 inhibitor had no effect on PAX7 levels ( Figure 7, A-C) . Intriguingly, we also found that the cells treated with ERK1/2 and JNK inhibitors (but not with p38 inhibitor) exhibited a decrease in phosphorylated and total c-JUN levels ( Figure 7 , B and C). We next investigated whether ERK1/2 and JNK1/2 pathways are required for the proliferation and self-renewal of satellite cells. By performing Western blot, fl/fl and TRAF6 scko mice were injected with 100 μl 1.2% BaCl 2 solution, and 5 days later, muscles were isolated and relative levels of miR-1, miR-206, and miR-133a were measured by qPCR. (C) Primary myoblasts prepared from WT mice were transfected with vector alone (pcDNA3) or c-JUN cDNA, and after 72h, the levels of miR-1, miR-206, and miR-133a were measured by performing qPCR assay. n = 4 per group for all the experiments here. *P < 0. Figure 10A) . Moreover, overexpression of caIKKβ did not affect the proliferation of PAX7 + cells in Figure 7H ). Collectively, these results suggest that TRAF6-mediated signaling augments PAX7 levels through the activation of ERK1/2 and JNK1/2, which in turn activate c-JUN transcription that directly interacts with the promoter region to enhance the gene expression of Pax7.
A recent study has demonstrated that the activation of NF-κB increases the number of PAX7 cells in mouse models of cancer cachexia (35) . We investigated whether forced activation of NF-κB can improve the levels of PAX7 in TRAF6-deficient cells. Traf6 +/+ and Traf6 -/-cultures were transfected with vector alone or a constitutive active (ca) mutant of IKKβ (i.e., IKK-2 S177E S181E), and the cells were analyzed 72 hours later by Western blot or immunostaining. We found that overexpression of Figure 8C ). Surprisingly, we found that knockdown of FBW7 reduced the protein levels of c-JUN and PAX7 in both Traf6 +/+ and Traf6 -/-cultures. There was no effect of knockdown of Murf1 on c-JUN or PAX7 protein levels ( Figure 8C) . By performing qPCR analysis, we confirmed that transfection with specific shRNAs significantly reduced the levels of their target mRNA in WT myogenic cultures ( Figure 8D ). Collectively, these results suggest that loss of TRAF6 leads to the aberrant regulation of multiple E3 ubiquitin ligases, which causes the degradation of c-JUN protein through ubiquitin-proteasome system in satellite cells.
Ablation of TRAF6 augments the levels of muscle-specific microRNAs in satellite cells. MicroRNAs are a class of short (19-22 bp) noncoding RNAs that function as posttranscriptional regulators of gene expression. Recently, a group of muscle-specific miRNAs (MyomiRs) -consisting of miR-1, miR-206, miR-133a, and miR133b -has been shown to be critical in regulating skeletal muscle development (42) (43) (44) . Expression levels of miR-1, miR-206, and miR-133 have been found to be sharply upregulated during myotures. Recent studies have shown that c-JUN undergoes ubiquitination-dependent proteolytic degradation in many conditions (36) (37) (38) (39) (40) (41) . We investigated whether loss of TRAF6 reduces c-JUN protein levels through repression of its gene expression or through enhancing proteasome-mediated degradation in satellite cells. We first measured mRNA levels by performing qPCR assay. While there was a small decrease in the mRNA levels of Jun in Traf6 -/-cells compared with Traf6 +/+ cells, the effect was not statistically significant ( Figure 8A ). To understand the role of proteasome, we treated cultured Traf6 +/+ and Traf6 -/-cells with proteasome inhibitor MG132 for 12 hours, and the levels of c-JUN protein were measured by Western blot. Interestingly, treatment with MG132 considerably improved the levels of c-JUN and PAX7 proteins in Traf6 -/-cultures ( Figure 8B ). A number of E3 ubiquitin ligases such as MEKK1, FBW7, DCX hDET1-hCOP1 , ITCH, and MuRF1 have now been identified, which cause K48-linked ubiquitination of c-JUN, leading to its proteolytic degradation (36) (37) (38) (39) (40) (41) . We investigated whether loss of TRAF6 perturbs the activity of any of these ubiquitin ligases, leading to enhanced degradation of c-JUN. Deletion of Traf6 in satellite cells inhibits their engraftment in dystrophic muscle of mdx mice. To further confirm the role of TRAF6 in satellite cell self-renewal and regenerative myogenesis, we also investigated whether ablation of TRAF6 inhibits their engraftment in skeletal muscle. We crossed TRAF6 scko mice with membrane-targeted tandem dimer Tomato/membrane-targeted green fluorescent protein (mT/mG) reporter mice and generated mTmG Traf6 fl/fl Pax7-CreER and control mTmG WT Pax7-CreER mice. These mice express mT in naive conditions and mG after Cre-mediated excision (50) . Satellite cells were isolated and purified, followed by treatment with tamoxifen for 48 hours, to generate mG;Traf6 +/+ and mG;Traf6 -/-cells. TA muscle of mdx mice was given i.m. injection of 1.2% BaCl 2 solution for 24 hours followed by injection of mG;Traf6 +/+ or mG;Traf6 -/-satellite cells. After 4 weeks, the TA muscle was isolated, and transverse sections made were visualized directly for mG florescence (green) using a fluorescent microscope. Results showed that mG;Traf6 
Discussion
Skeletal muscle regeneration involves activation of a complex array of signaling pathways not only in myogenic precursor cells, but also in damaged myofibers. Our present findings and previously published report (20) also highlight that a single signaling module (i.e., TRAF6) can have distinct roles when activated in muscle progenitor cells versus differentiated myofibers during regenerative myogenesis. Depletion of TRAF6 in myofibers augments regeneration potentially through mitigating inflammatory response (20) . Interestingly, inhibition of TRAF6 in myofibers also improves Notch signaling in satellite cells in a non-cell-autonomous manner, leading to improvement in regeneration (20) . In contrast, the results of the present investigation demonstrate that TRAF6 activity is critical for maintaining the pool of satellite cells and their function during regenerative myogenesis.
Failure of TRAF6-null satellite cells to drive proper regeneration could be attributed to failure in (i) activation and exiting quiescence, (ii) proper activation and entry to the cell cycle but a defect in one or more of the stages of myogenesis, or (iii) untimely activation and progression through the myogenic lineage. Reduced number of PAX7 + satellite cells in sham muscle ( Figure  4 ) and freshly isolated myofibers of TRAF6 scko mice accompanied with MyoD expression ( Figure 5, A and B) excludes a possible activation defect, as reduced levels of PAX7 indicate loss of quiescence and upregulated MyoD levels imply premature activation (1, 4, 7) . Furthermore, lack of cell cluster formation on cultured myofibers from TRAF6 scko mice suggests that TRAF6 is required for maintaining the replicative capacity of satellite cells (Figure   genesis (44) . Furthermore, miR-1 and miR-206 have been shown to promote satellite cell differentiation through direct targeting of Pax7 mRNA (45) . Strikingly, we found that the levels of miR-1, miR-206, and miR-133a were increased in Traf6 -/-cells compared with Traf6 +/+ cells ( Figure 9A) . Moreover, the levels of miR-1, miR-206, and miR-133a were also found to be significantly upregulated in injured TA muscle of TRAF6 scko mice compared with corresponding injured muscle of Traf6 fl/fl mice ( Figure 9B ). Since our preceding findings draw a possible role of c-JUN in mediating TRAF6 regulation of Pax7 transcription, we further delineated whether TRAF6-mediated regulation of myomiRs is also brought about through a c-Jun-dependent mechanism. Interestingly, overexpression of c-JUN repressed the levels of miR-1, miR-206, and miR-133a in cultured satellite cells ( Figure 9C ). These results are suggestive of a possible posttranscriptional role of TRAF6/MAP-K/c-JUN/AP1 axis in mediating PAX7 expression.
Deletion of Traf6 in satellite cells blunts regeneration and exacerbates myopathy in mdx mice. Functional inactivation of the dystrophin gene is the primary cause of Duchenne muscular dystrophy in humans and in mdx mice (46) . Dystrophic muscle undergoes repetitive rounds of degeneration and regeneration (46, 47) . To further clarify the role of TRAF6-mediated signaling in satellite cells, we crossed TRAF6 scko mice with mdx mice to generate mdx;TRAF6 scko and littermate mdx;Traf6 fl/fl mice. At the age of 3 weeks, the mice were treated with tamoxifen to induce Cre-mediated recombination, and analysis was conducted at the age of 8 weeks. Deletion of TRAF6 led to a significant reduction in the size and body weight of mdx;TRAF6 scko mice compared with littermate mdx;Traf6 fl/fl mice ( Figure 10 , A and B). Furthermore, mdx;TRAF6 scko mice displayed a significant reduction in forelimb and total 4-paw grip strength ( Figure  10C ). Following a treadmill-based exercise tolerance protocol (48, 49) , we also compared exercise capacity. Results showed that mdx;TRAF6 scko mice performed poorly in all the parameters such as total running time, maximum speed, distance, work performed, and power compared with littermate mdx;Traf6 fl/fl mice (Supplemental Figure 11) . Our results also showed that wet weight of gastrocnemius (GA) and quadriceps muscles was significantly reduced, whereas levels of creatine kinase (CK) in plasma were significantly increased in mdx;TRAF6 scko mice compared with littermate mdx;Traf6 fl/fl mice ( Figure 10 , D and E). Analysis of H&E-stained GA muscle sections showed signs of exacerbated myopathy marked by increased necrotic areas and overall decrease in total number of myofibers and proportion of CNF in GA muscle of mdx;TRAF6 scko mice compared with mdx;Traf6 fl/fl mice ( Figure 10 , F-H). Similar results were obtained in quadriceps and TA muscles and diaphragm (Supplemental Figure 12 ). Moreover, compared with mdx;Traf6 fl/fl mice, the number of eMyHC + myofibers was dramatically reduced in GA muscle of mdx;TRAF6 scko mice, which further suggests that myofiber regeneration is repressed in these mice ( Figure 10, F and I) . Furthermore, the number of PAX7 + cells was significantly reduced in GA muscle of mdx;TRAF6 scko mice compared with littermate mdx;Traf6 fl/fl mice ( Figure 10 , F and J). Taken together, these results suggest that satellite cell-specific ablation of TRAF6 exaggerates myopathy in mdx mice due to impairment in muscle regeneration. jci.org
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alterations observed in miR-1 and miR-206 are mere phenotypic outcomes or possible auxiliary regulatory facets that modulate Pax7 expression in TRAF6 context requires further investigation. The critical role of TRAF6 in regulating satellite cell function is also supported by our findings in mdx mice. Deletion of Traf6 in satellite cells of mdx mice led to exacerbated myopathy due to reduced number of satellite cells and impairment in regeneration of injured myofibers (Figure 10 ). Diminished myogenic potential of TRAF6-deficient satellite cells is also evident by our findings that these cells show poor engraftment upon transplantation into dystrophic muscle of mdx mice (Figure 11 ). Exhaustion of satellite cell myogenic capacity accompanies progression of dystrophinopathy, leading to cessation of muscle regeneration (56, 57) . Although therapies aimed at improving the muscle microenvironment have been found to be transiently advantageous, extensive investigations have shown that premature loss of satellite cell function in dystrophic muscle is due to a cell autonomous defect (4, 56, 57) . Our present investigation provides initial evidence that modulating the levels of TRAF6 in satellite cells of dystrophic muscle or donor cells may prove to be beneficial in prolonging the myogenic potential and replenishing the reservoir of satellite cells.
In summary, the present study has identified a previously unrecognized role of TRAF6 in regulating satellite stem cell homeostasis and function. TRAF6-mediated regulation of satellite cells occurs through regulating the levels of PAX7. TRAF6 was shown to be necessary in maintaining the quiescent state of satellite cells under unchallenged conditions, sustaining the myogenic potential upon stimulation, and regulating self-renewal following activation.
Methods
Animals. /J, The Jackson Laboratory) for satellite cell transplantation experiment. Genotype of mice was determined by PCR from tail DNA. For deletion of Traf6, mice were i.p. injected with tamoxifen for 4 consecutive days and kept on tamoxifen-containing standard chow for the duration of the experiment. At the age of 8 weeks, 100 μl of 1.2% BaCl 2 (SigmaAldrich) dissolved in saline was injected into the TA muscle of mice to induce necrotic injury.
Histological and morphometric analysis. H&E staining of muscle sections and quantification of fiber CSA were performed as described in Supplemental Methods.
CK assay. Levels of CK in serum were determined as described in Supplemental Methods.
Isolation, culture, and staining of single myofibers. Single myofibers were isolated from EDL muscle after digestion with collagenase II (SigmaAldrich) and trituration as previously described (20, 58) . Suspended fibers were cultured in 60-mm horse serum-coated plates in DMEM supplemented with 10% FBS (Invitrogen), 2% chicken embryo extract (Accurate Chemical and Scientific Corporation), 10 ng/ml basis fibroblast growth factor (PeproTech), and 1% penicillin-streptomycin for 3 days. Freshly isolated fibers and cultured fibers were then fixed in 4% PFA and stained with anti-PAX7 (1:10, Developmental Studies Hybridoma Bank [DSHB]) and MyoD (1:200, sc-304, Santa Cruz Biotechnology Inc.).
5, A and D)
. This inference is also supported by our findings that forced expression of TRAF6 in cultured satellite cells augments proliferation and increases the levels of PAX7 ( Figure 5, F-H) . Our systematic examination of the expression profile of various MRFs, and activation and proliferation dynamics of satellite cells, implicates loss of myogenic lineage upon deletion of TRAF6 due to repression of PAX7 expression, which in turn leads to precocious differentiation.
Our results further demonstrate that TRAF6 is an essential component of a signaling pathway that drives the gene expression of Pax7. TRAF6 regulates the levels of PAX7 in satellite cells through conditional activation and deactivation of specific MAPK signaling pathways ( Figure 6 ). Increased expression of p38 MAPK in TRAF6-deficient cells ( Figure 6 , E and F) lends further support to the premise that loss of TRAF6 in myogenic cells leads to precocious differentiation. Signaling from p38 MAPK has been shown to play an essential role in regulating the later stages of myogenesis (51, 52) . Quiescent satellite cells treated with p38 MAPK inhibitor fail to enter the cell cycle upon activation, whereas overexpression of p38 promotes exit from quiescence and leads to premature differentiation (33, 52) . In contrast with p38MAPK, phosphorylation of ERK1/2 was reduced in TRAF6-deficient satellite cells ( Figure  6 , E and F), consistent with the role of ERK1/2 signaling in regulating the proliferation and self-renewal of satellite cells (53) . Additionally, our results implicate a parallel role of JNK signaling pathway in regulation of satellite stem cell homeostasis. The levels of phosphorylated JNK1/2 protein were also reduced upon deletion of TRAF6 ( Figure 6 , E and F), and inhibition of JNK1/2 independently reduced the levels of PAX7, mirroring ERK1/2 inhibition ( Figure 7 , A-C). ERK1/2 and JNK1/2 signaling can have an antagonizing effect on the activation p38 MAPK, and vice versa (54, 55) . Therefore, it is likely that the reduced ERK1/2 and JNK1/2 signaling brought about by deletion of TRAF6 leads to hyperactivation of p38 MAPK in satellite cells, which in turn promotes exit from quiescence and precocious differentiation.
The results of the present study also suggest that PAX7 regulation through ERK1/2 and JNK1/2 signaling takes place in a c-JUNdependent manner. TRAF6-null primary myogenic cells exhibited a reduction in total and phosphorylated levels of c-JUN protein ( Figure 6 , E and F), and inhibition of ERK1/2 or JNK1/2 similarly reduced levels of phosphorylated and total c-JUN in WT myoblasts ( Figure 7 , B and C). Our ChIP results further support the inference that c-JUN directly interacts with Pax7 promoter in satellite cells ( Figure 7G ), and this interaction is sustained through continued TRAF6-mediated signaling ( Figure 7H) . Surprisingly, we also discovered that TRAF6-mediated signaling prevents the degradation of c-JUN in satellite cells, potentially through suppressing the activity of specific E3 ubiquitin ligases such as DCX Western blot. Quantitative estimation of various proteins was performed by Western blot using a method as described (18, 61) FACS. Satellite cells were analyzed by FACS as previously described (20, 58) . Approximately 2 × 10 6 cells were incubated in DMEM (supplemented with 2% FBS and 25 mM 4-[2-hydroxyethyl]-1-piperazineethanesulfonic acid), and dead cells (positive for propidium iodide staining) were excluded from all FACS analyses. For satellite cell quantification or isolation from heterogeneous cell population, cells were immunostained with antibodies against CD45, CD31, Sca-1, and Ter-119 for negative selection (all PE conjugated, eBioscience), and with α7-integrin (MBL International) for positive selection. A tandem conjugate of R-PE (Alexa 647, Invitrogen) was used as a secondary antibody against α7-integrin. To detect TRAF6 expression in satellite cells, following the labeling with antibodies against CD45, CD31, Sca-1, Ter-119, and α7-integrin, the cells were fixed with 1% PFA (Sigma-Aldrich) and permeabilized using 0.2% Triton X-100 (Thermo Fisher Scientific). The cells were then incubated with anti-TRAF6 (Santa Cruz Biotechnology Inc.) and Alexa 488 secondary antibody (Invitrogen). FACS analysis was performed on a C6 Accuri cytometer (BD Biosciences) equipped with 3 lasers. The output data was processed, and plots were prepared using FCS Express 4 RUO software (De Novo Software). RNA isolation and qPCR assay. RNA isolation and qPCR for specific mRNA and miRs were performed using a method as described (18, 62) . The sequence of the primers is described in Supplemental Table 1 .
Grip strength measurements and exercise tolerance test. Muscle strength of mice was assayed by measuring grip strength and performing treadmill-based exercise tolerance tests, as described in Supplemental Methods.
Statistics. Results are expressed as mean ± SD. Statistical analyses used Student's t test to compare quantitative data populations with Satellite cell cultures. Satellite cells were isolated from the hind limbs of 8-week-old mice following a protocol as described (59) . Traf6 -/-cells were generated by treatment of TRAF6 scko myogenic cells with 10 ng/ml 4-hydroxytamoxifen (Sigma-Aldrich) for 48 hours.
Immunofluorescence. For immunohistochemistry study, frozen TA muscle sections or paraformaldehyde-fixed myofiber or myoblast cultures were blocked in 1% BSA in PBS for 1 hour and incubated with anti-Pax7 (1:10, DSHB), anti-eMyHC (1:200, clone F1.652, DSHB), anti-laminin (1:500, catalog L9393, Sigma-Aldrich), anti-MyoD (1:200, catalog sc-304, Santa Cruz Biotechnology Inc.), anti-TRAF6 (1:50, catalog sc-7221, Santa Cruz Biotechnology Inc.) in blocking solution at 4°C overnight under humidified conditions. The sections were washed briefly with PBS before incubation with Alexa Fluor 488 or 594-conjugated secondary antibody (1:3,000, Invitrogen) for 1 hour at room temperature and then washed 3 times for 15 minutes with PBS. The slides were mounted using fluorescence medium (Vector Laboratories) and visualized at room temperature on Nikon Eclipse TE 2000-U microscope, a digital camera (Nikon Digital Sight DS-Fi1), and Nikon NIS Elements BR 3.00 software. Image levels were equally adjusted using Abode Photoshop CS2 software.
Cell proliferation assay. Satellite cell proliferation was assayed by labeling the cells with EdU for 90 minutes using Click-iT EdU Cell Proliferation Assay kit (Invitrogen) as previously described (59) .
shRNA and plasmid constructs. Various shRNAs and Pax7 cDNA were cloned in mammalian expression vectors, as described in Supplemental Methods.
Gene transfer by electroporation. To overexpress specific cDNA or shRNA in primary satellite cells, plasmid DNA was introduced into cells by electroporation (1,500 V, 10 ms for duration, 3 pulses) using the Neon transfection system following a protocol suggested by the manufacturer (Invitrogen).
EMSA. The method used for EMSA is described in Supplemental Methods.
ChIP assay. ChIP assay was performed following a method as previously described (60) . In brief, primary myoblasts were crosslinked with 1% formaldehyde at room temperature for 10 minutes and washed with ice-cold PBS. Cross-linking was stopped by adding glycine to a final concentration of 0.125 M for 5 minutes. After 2 washes with 0.05 mm PMSF in PBS, the cells were lysed in 10 mm Hepes (pH 8.0), 85 mm KCl, 0.5% Igepal, and 2× protease inhibitor mixture. The nuclear fraction was collected by centrifugation and lysed for 20 minutes in 50 mm Tris-HCl, 10 mm EDTA, and 1% SDS at 4°C. Nuclear extracts were sonicated (30 strokes at 30% for 15 seconds followed by 60 seconds of rest) while being kept in an ice-water bath. The lysate was cleared with salmon sperm DNA/protein G-agarose slurry (Cell Signaling Technology). Approximately 200 μl of chromatin fraction was used for each immunoprecipitation assay. After a ×5 dilution in ChIP dilution buffer, 20 μl were separated (input), and the remaining diluted chromatin was incubated with the indicated antibody against c-Jun (Santa Cruz Biotechnology) or rabbit IgG (negative control). Detection of the immunoprecipitated DNA was performed by PCR with primers targeting specific regions of the Pax7 promoter. The sequence of primers used for specific c-Jun sites upstream of first ATG in Exon 1 of Pax7 is described in Supplemental Table 1 . For the quantification of fold enrichment, qPCR was performed and the percentage enrichment of input was reported.
In vitro kinase assay. The enzymatic activity of Akt and IKK were measured, as described in Supplemental Methods. jci.org
Volume 126 Number 1 January 2016 normal distribution and equal variance. A value of P < 0.05 was considered statistically significant unless otherwise specified. Study approval. All animal procedures were conducted in strict accordance with the institutional guidelines and were approved by the Institutional Animal Care and Use Committee and Institutional Biosafety Committee of the University of Louisville (IACUC, 13097).
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